A fault-tolerant permanent-magnet vernier (FT-PMV) machine incorporates the merits of high fault-tolerant capability and high torque density. In this paper, a new remedial control is proposed for a five-phase FT-PMV machine with short-circuit fault of stator windings. Based on the principle of copper loss minimization, the aims of the proposed control strategy are to keep magnetic motive force (MMF) unchanged and minimize torque ripple. The proposed remedial control strategy contains two parts. Firstly, the remedial currents of the healthy phases are used to compensate for the ripple of MMF caused by the short-circuit current. Secondly, an open-circuit faulttolerant control strategy is used to compensate for the lack of normal torque in the fault phase. Finally, the vector sum of two parts is adopted to derive the remedial currents. The final expression of the proposed remedial current is simpler than that than these previous methods. In addition, the proposed remedial currents are sinusoidal, which can reduce the reactive component in instantaneous power produced by pulsating torque and iron loss of a sine back-EMF machine. A FT-PMV prototype is built. The simulations and the experiments verify the effectiveness of the proposed strategy. Abstract: A fault-tolerant permanent-magnet vernier (FT-PMV) machine incorporates the merits of high fault-tolerant capability and high torque density. In this paper, a new remedial control is proposed for a five-phase FT-PMV machine with short-circuit fault of stator windings. Based on the principle of copper loss minimization, the aims of the proposed control strategy are to keep magnetic motive force (MMF) unchanged and minimize torque ripple. The proposed remedial control strategy contains two parts. Firstly, the remedial currents of the healthy phases are used to compensate for the ripple of MMF caused by the short-circuit current. Secondly, an open-circuit fault-tolerant control strategy is used to compensate for the lack of normal torque in the fault phase. Finally, the vector sum of two parts is adopted to derive the remedial currents. The final expression of the proposed remedial current is simpler than that than these previous methods. In addition, the proposed remedial currents are sinusoidal, which can reduce the reactive component in instantaneous power produced by pulsating torque and iron loss of a sine back-EMF machine. A FT-PMV prototype is built. The simulations and the experiments verify the effectiveness of the proposed strategy.
Introduction
For some high reliability applications such as aerospace and electric vehicle, continued operation of the drive is essential [1] [2] [3] . Using electric vehicles as an example, such capability is related to the ability to continue operation at a modest speed to finish the trip or at least reach a repair shop. In much of the literature, the fault-tolerant operations of conventional three-phase machines under open-circuit fault condition have been reported [4] [5] [6] [7] . Compared with traditional three-phase drives, multiphase machine drives have a number of advantages, such as low harmonic currents, smooth torque ripple and high torque capability [8] . Multiphase machines can keep operating with the remaining healthy phases when open-circuit fault occurs in one or two phases. In addition, multiphase machines can operate without additional hardware under faulty conditions [9] [10] [11] [12] .
On the other hand, fault-tolerant permanent-magnet (PM) machines have attracted much interest in recent years [13] [14] [15] [16] , but they suffer from the compromise between fault-tolerant capability and torque density. In [17] , a five-phase fault-tolerant PM vernier (FT-PMV) machine with improved torque capability was proposed. Also, though many works seek optimal fault-tolerant control strategies, most of them focus on open-circuit fault, rather than short-circuit fault. An optimal control technique for a multiphase PM machine under various open-circuit faults was presented in [18] , in which the copper loss and the torque ripple were considered. The proposed fault-tolerant control methods in [19] Energies 2016, 9, 860 2 of 15 considered the fundamental and third-harmonic current components together for the excitation of the healthy stator phases. In [20] , a mathematical analysis based on the space vector representation of a multiphase system was discussed and assessed under open-circuit fault. In order to generate optimal current references in fault mode, a vector approach was reported in [21] , which requires relatively simple computations. The authors of [22] adopted a new control strategy for fault-tolerant operation of the redundant flux-switching PM machine drive by injecting the harmonic currents, in which the capability limitation of the power converter is considered. A generalized optimal fault-tolerant control technique was proposed in [23, 24] for a five-phase PM machine drives with open-circuit fault. Few works focus on continued operation of multiphase PM machines under short-circuit fault conditions [25] [26] [27] [28] [29] [30] . In [31] , a remedial operation was investigated by using the open-end winding drive topology.
In this paper, an offline closed-form solution for short-circuit fault will be proposed, discussed and verified. It should be noted that the existing offline closed form fault-tolerant solutions were usually used for open-circuit fault, rather than for short-circuit fault. This proposed control strategy bases on the copper loss minimization theory and aims to keep magnetic motive force (MMF) unchanged, thus obtaining smooth output torque. The short-circuit fault in one phase can be divided into two parts. Namely, one is caused by the short-circuit current, while the other is due to the lack of normal torque, which can be considered the open-circuit fault condition. As opposed from the existing strategies of multiphase PM machines under short-circuit fault conditions, the proposed strategy is simply divided into two steps. Firstly, currents in healthy phases are used to compensate for the ripple of MMF caused by the short-circuit current. Secondly, the open-circuit fault-tolerant control strategy is used to compensate for the lack of the normal torque in the faulty phase. Finally, a new remedial current can be calculated by utilizing the vector sum of two parts of the strategy.
In Section 2, the FT-PMV machine will be briefly presented. In Section 3, the remedial current control strategy under open-circuit fault condition will be given. The remedial short-circuit current control strategy will be derived in Section 4. Moreover, in Section 5, the finite-element analysis (FEA) and the experimental results will be used to verify the proposed strategy. In Section 6, comparisons between and discussions about the proposed method and these existing methods will be presented. Finally, conclusions will be drawn in Section 7.
Topology and Feature
A five-phase FT-PMV machine is shown in Figure 1 . The number of stator slots is 20 and the rotor has 31 pole pairs. This machine has each coil wound around a single tooth, which is the so-called single-layer fractional-slot concentrated winding. For conventional direct-drive machine topologies with increased number of poles, slots and windings, magnetic circuits are usually required to generate high torque. Such a machine inevitably increases the machine volume and weight. FT-PMV machines with concentrated windings can offer high torque capability while reducing the number of slots and copper loss. FT-PMV machines can effectively modulate the high-speed rotating field of the armature windings and the low-speed rotating field of the PM outer rotor by adopting flux-modulation poles (FMPs). Hence, the armature poles number should differ from the rotor poles one, which breaks the traditional design rule of PM machines. Also, the volume of the stator with vernier structure will not increase with the large number of PM poles.
Moreover, the predicted FEA-based back electromotive force (back-EMF) of the five-phase FT-PMV machine is shown in Figure 2 . Due to the insulation problem, the windings terminal of one phase is short-circuited. Then, its FEA-based short-circuit current is shown in Figure 3 . It can be seen that the short-circuit current is limited because fault-tolerant design is adopted [17] . The main design data are given in Table 1 . to generate high torque. Such a machine inevitably increases the machine volume and weight. FT-PMV machines with concentrated windings can offer high torque capability while reducing the number of slots and copper loss. FT-PMV machines can effectively modulate the high-speed rotating field of the armature windings and the low-speed rotating field of the PM outer rotor by adopting flux-modulation poles (FMPs). Hence, the armature poles number should differ from the rotor poles one, which breaks the traditional design rule of PM machines. Also, the volume of the stator with vernier structure will not increase with the large number of PM poles. Moreover, the predicted FEA-based back electromotive force (back-EMF) of the five-phase FT-PMV machine is shown in Figure 2 . Due to the insulation problem, the windings terminal of one phase is short-circuited. Then, its FEA-based short-circuit current is shown in Figure 3 . It can be seen that the short-circuit current is limited because fault-tolerant design is adopted [17] . The main design data are given in Table 1 . The proposed remedial control strategy divides the short-circuit problem into two parts to simplify the remedial problem. One part is the compensation of the open-circuit fault which is used to achieve the required torque. The other part is the compensation of the short-circuit fault which is used to eliminate pulsating torque. Moreover, the predicted FEA-based back electromotive force (back-EMF) of the five-phase FT-PMV machine is shown in Figure 2 . Due to the insulation problem, the windings terminal of one phase is short-circuited. Then, its FEA-based short-circuit current is shown in Figure 3 . It can be seen that the short-circuit current is limited because fault-tolerant design is adopted [17] . The main design data are given in Table 1 . The proposed remedial control strategy divides the short-circuit problem into two parts to simplify the remedial problem. One part is the compensation of the open-circuit fault which is used to achieve the required torque. The other part is the compensation of the short-circuit fault which is used to eliminate pulsating torque. The proposed remedial control strategy divides the short-circuit problem into two parts to simplify the remedial problem. One part is the compensation of the open-circuit fault which is used to achieve the required torque. The other part is the compensation of the short-circuit fault which is used to eliminate pulsating torque.
Open-Circuit Fault-Tolerant Control
The back-EMFs of the five-phase FT-PMV machine can be described as
where E is the amplitude of the back-EMF, and ω is the electrical angular velocity. Due to its sinusoidal back-EMF, this FT-PMV machine is suitable for brushless ac (BLAC) operation. Hence, the currents can be expressed as
where I is the amplitude of the phase currents. According to (1) and (2), the stator phases MMF can be written as
where N is the total number of turn per phase and ϕ is the spatial angle. Hence, the sum of MMF of all phases can be given as
After calculation, it can be written as
Moreover, MMF 1 can also be expressed as
5 i e )e jϕ + (i a + e j 2π
Equation (7) can be obtained on the basis of (5) and (6). 
Here, the open-circuit fault of phase-a is chosen as an example. MMF can be kept unchanged when i a is equal to zero in (7) . Equation (7) can be written as It can be assumed that
According to (8) and (9), it can be obtained as
An additional reasonable constraint is as follows:
According to (11) , it can be written as
According to (10) and (12), the results of x 2 , y 2 , x 3 , y 3 , x 4 , y 4 , x 5 and y 5 are not unique, so it is necessary to add a target function to make the final result unique. Then, the target function F aims to minimize copper loss can be given as [32]
Among all the results, there will be some results of minimizing F, which can be called the optimal results. According to (10) , (12) and (13), a built-in function of MATLAB based on SQP algorithm can be used to achieve the optimal results of x 2 , y 2 , x 3 , y 3 , x 4 , y 4 , x 5 and y 5 .
Also, it can be given as
In this case, when open-circuit fault happens in one phase of stator windings, the currents in remaining healthy phases can be used to keep MMF 1 unchanged based on the principle of copper loss minimization.
Short-Circuit Fault-Tolerant Control
A fault-tolerant current control strategy for the five-phase FT-PMV machine under short-circuit condition will be discussed in this section. Compared with that under open-circuit fault condition, the torque ripple of the FT-PMV machine under short-circuit fault condition includes two parts. One is caused by the short-circuit current, while the other owes to the lack of the normal torque which can be considered as the open-circuit fault condition. Corresponding to short-circuit fault, the proposed Energies 2016, 9, 860 6 of 15 remedial control strategy also has two aspects. First of all, the currents in healthy phases are used to compensate for the ripple of MMF caused by the short-circuit current. MMF can be kept at zero, so the torque pulsation can be eliminated. Then, open-circuit fault-tolerant control strategy is used to compensate for the lack of the normal torque. Finally, a new remedial control strategy can be derived by utilizing the vector sum of both fault-tolerant control strategies.
When phase-a is with short-circuit fault in stator windings, its short-circuit current can be written as
where I f is the amplitude of the short-circuit current, and θ is the angle between short-circuit current and back-EMF in faulty phase. The vector sum of the MMF can be written as
where i af is the short-circuit current in phase-a. The healthy currents aim to compensate the torque ripple caused by the short-circuit current and a is e (2/5π)j . MMF 2 in (17) is kept to zero, so the total MMF of the FT-PMV machine is the sum of MMF 1 and MMF 2 , which can be kept constant. Based on (16) and (17), (18) can be obtained as
In (18), there are infinite results for the compensating currents without conditional constraints. In order to compensate for the ripple caused by the short-circuit current in phase-a, the healthy currents can be calculated. It can be assumed that
i e = x e cos(ωt) + y e sin(ωt) (19) where x b , y b , x c , y c , x d , y d , x e and y e are unknown quantities. The proposed control strategy aims to minimize the copper loss. So, the target function f can be given as
According to (18) and (19), (21) can be obtained as
According to (21) , the results of x b , y b , x c , y c , x d , y d , x e and y e are not unique, so it is necessary to use a target function to make the final result unique. Many results can minimize the result of (20) among all the results and they can be called the optimal results.
The compensation, which owes to the lack of the normal torque, can be considered as the open-circuit fault condition. The strategy has been discussed in Section 3 and described in (15) . Based on (15) and (19) , the final current control strategy for short-circuit fault can be given as
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The universal current control strategy can also be written as
When the windings terminal of one phase is with short-circuit fault, other phases can continue to operate. The rotor speed of 200 rpm will be discussed as example. The short-circuit current is presented in Figure 3 . Based on the back-EMF and the short-circuit current, I f and θ in (16) 
According to (20) , (21) and (24), a built-in function of MATLAB based on SQP algorithm can be used to achieve the optimal results of x b , y b , x c , y c , x d , y d , x e and y e . Then, the currents compensating for the ripple of MMF caused by the short-circuit current are given as
The final remedial currents of the short-circuit current control strategy can be given as
Validation

Simulation
First, Figure 4 shows the FEA-based currents and output torque waveforms of the normal five-phase FT-PMV machine. It can be seen that the current waveforms are sinusoidal and the corresponding average torque and torque ripple factor of the machine drive are 3.6 Nm and 24.5%, respectively. In [33], the back-EMF harmonics, which interact with the sinusoidal phase current waveforms to generate torque ripple for a five-phase machine, are 9th, 11th, 19th, 21st, etc. Hence, the output torque ripple mainly results from the cogging torque.
Second, the fault currents and torque under short-circuit fault condition are shown in Figure 5 . It can be seen from Figure 5b that the torque has high pulsation under fault conditions. Third, the fault-tolerant performance with the current control strategy in (26) is shown in Figure 6 under single-phase short-circuit fault. The fault-tolerant currents are presented in Figure 6a . The corresponding average torque and torque ripple factor of the machine drive are 3.5 Nm and 37.0%, respectively. By comparing the torque performances at normal and remedial operations, it can be found that torque ripple is minimized and the torque performance is maintained when the strategy is adopted. Since the low-order harmonics in (23) are neglected, the FT-PMV machine at fault-tolerant operation has relatively significant torque ripple. First, Figure 4 shows the FEA-based currents and output torque waveforms of the normal fivephase FT-PMV machine. It can be seen that the current waveforms are sinusoidal and the corresponding average torque and torque ripple factor of the machine drive are 3.6 Nm and 24.5%, respectively. In [33], the back-EMF harmonics, which interact with the sinusoidal phase current waveforms to generate torque ripple for a five-phase machine, are 9th, 11th, 19th, 21st, etc. Hence, the output torque ripple mainly results from the cogging torque. Second, the fault currents and torque under short-circuit fault condition are shown in Figure 5 . It can be seen from Figure 5b that the torque has high pulsation under fault conditions. Third, the fault-tolerant performance with the current control strategy in (26) is shown in Figure  6 under single-phase short-circuit fault. The fault-tolerant currents are presented in Figure 6a . The corresponding average torque and torque ripple factor of the machine drive are 3.5 Nm and 37.0%, respectively. By comparing the torque performances at normal and remedial operations, it can be found that torque ripple is minimized and the torque performance is maintained when the strategy is adopted. Since the low-order harmonics in (23) are neglected, the FT-PMV machine at fault-tolerant 6 under single-phase short-circuit fault. The fault-tolerant currents are presented in Figure 6a . The corresponding average torque and torque ripple factor of the machine drive are 3.5 Nm and 37.0%, respectively. By comparing the torque performances at normal and remedial operations, it can be found that torque ripple is minimized and the torque performance is maintained when the strategy is adopted. Since the low-order harmonics in (23) are neglected, the FT-PMV machine at fault-tolerant operation has relatively significant torque ripple. In addition, output torque and torque ripple for the five-phase FT-PMV machine under healthy, fault and fault-tolerant conditions are compared in Table 2 . It can be concluded that torque ripple under fault-tolerant operation can be minimized with the proposed strategy. Table 3 compares the compositions of harmonics for the proposed method and those presented methods in [28, 29] . 
Experiment
In order to validate the effectiveness of the theoretical analysis, a five-phase FT-PMV machine was designed and built. For this experiment, a digital signal processing TMS320F2812 is used to implement the control. A separately excited dc generator is used as the variable load. To measure the torque of the proposed machine drive, a transient torque transducer is mounted between the fivephase FT-PMV machine and the dc generator. Moreover, the currents are sensed by the Hall-effect sensors and the position signal is obtained by the optical encoder with an accuracy of 2048 counts per revolution. Experimental setup of the five-phase FT-PMV machine is presented in Figure 7 . In addition, output torque and torque ripple for the five-phase FT-PMV machine under healthy, fault and fault-tolerant conditions are compared in Table 2 . It can be concluded that torque ripple under fault-tolerant operation can be minimized with the proposed strategy. Table 3 compares the compositions of harmonics for the proposed method and those presented methods in [28, 29] . 
Case Fundamental Higher Order
Method in Ref. [28] √ √ Method in Ref. [29] √ √ Proposed method √ ×
Experiment
In order to validate the effectiveness of the theoretical analysis, a five-phase FT-PMV machine was designed and built. For this experiment, a digital signal processing TMS320F2812 is used to implement the control. A separately excited dc generator is used as the variable load. To measure the torque of the proposed machine drive, a transient torque transducer is mounted between the five-phase FT-PMV machine and the dc generator. Moreover, the currents are sensed by the Hall-effect sensors and the position signal is obtained by the optical encoder with an accuracy of 2048 counts per revolution. Experimental setup of the five-phase FT-PMV machine is presented in Figure 7 .
igned The block diagram of the fault-tolerant control scheme is illustrated in Figure 8 , in wh the reference speed, ξ is the position angle feedback from the machine. The currents i * b, i * c of the short-circuit fault-tolerant control strategy are calculated by using (23) . The signals i driver for a five-phase inverter come from a hysteresis current controller. Moreover, the short-circuit current of the fault phase and the back-EMFs of other healt are shown in Figure 9 , verifying the fault-tolerant capability of the FT-PMV machine. Furthermore, Figure 10a shows the output torque and the currents of the FT-PMV under healthy conditions, while those under the fault-tolerant condition are shown in Figur second trace is the current of the short-circuit fault phase). By comparing the measured to current waveforms at normal and fault-tolerant operations, it can be concluded that the fault-tolerant control strategy can maintain the torque capability and minimize the torq under the short-circuit fault condition. The block diagram of the fault-tolerant control scheme is illustrated in Figure 8 , in which ω ref is the reference speed, ξ is the position angle feedback from the machine. The currents i * b , i * c , i * d and i * e of the short-circuit fault-tolerant control strategy are calculated by using (23) . The signals in the gate driver for a five-phase inverter come from a hysteresis current controller. The block diagram of the fault-tolerant control scheme is illustrated in Figure 8 , in which ωref is the reference speed, ξ is the position angle feedback from the machine. The currents i * b, i * c, i * d and i * e of the short-circuit fault-tolerant control strategy are calculated by using (23) . The signals in the gate driver for a five-phase inverter come from a hysteresis current controller. Moreover, the short-circuit current of the fault phase and the back-EMFs of other healthy phases are shown in Figure 9 , verifying the fault-tolerant capability of the FT-PMV machine. Furthermore, Figure 10a shows the output torque and the currents of the FT-PMV machine under healthy conditions, while those under the fault-tolerant condition are shown in Figure 10b (the second trace is the current of the short-circuit fault phase). By comparing the measured torque and current waveforms at normal and fault-tolerant operations, it can be concluded that the proposed fault-tolerant control strategy can maintain the torque capability and minimize the torque ripple under the short-circuit fault condition. Moreover, the short-circuit current of the fault phase and the back-EMFs of other healthy phases are shown in Figure 9 , verifying the fault-tolerant capability of the FT-PMV machine. The block diagram of the fault-tolerant control scheme is illustrated in Figure 8 , in which ωref is the reference speed, ξ is the position angle feedback from the machine. The currents i * b, i * c, i * d and i * e of the short-circuit fault-tolerant control strategy are calculated by using (23) . The signals in the gate driver for a five-phase inverter come from a hysteresis current controller. Moreover, the short-circuit current of the fault phase and the back-EMFs of other healthy phases are shown in Figure 9 , verifying the fault-tolerant capability of the FT-PMV machine. Furthermore, Figure 10a shows the output torque and the currents of the FT-PMV machine under healthy conditions, while those under the fault-tolerant condition are shown in Figure 10b (the second trace is the current of the short-circuit fault phase). By comparing the measured torque and current waveforms at normal and fault-tolerant operations, it can be concluded that the proposed fault-tolerant control strategy can maintain the torque capability and minimize the torque ripple under the short-circuit fault condition. Furthermore, Figure 10a shows the output torque and the currents of the FT-PMV machine under healthy conditions, while those under the fault-tolerant condition are shown in Figure 10b (the second trace is the current of the short-circuit fault phase). By comparing the measured torque and current waveforms at normal and fault-tolerant operations, it can be concluded that the proposed fault-tolerant control strategy can maintain the torque capability and minimize the torque ripple under the short-circuit fault condition. Figure 11 shows the dynamic responses of the speed and current under sudden changes in load torque when the machine operates in the fault-tolerant mode. It can be seen that the speed regulation is very good. 
Comparisons and Discussion
Compared to these existing methods, the proposed method has obvious difference. First, the expression of the proposed remedial currents is simpler than these previous methods. In fact, the calculation methods in [28, 29] are similar to that in [27] . Also, the fault in [31] occurs in the inverter, which is different from the fault discussed in the paper. So, in this section, only the method proposed in [27] is compared as an example.
Applying the method in [27] to the proposed sine back-EMF machine, the final expression can be derived as 
Its waveform plots are shown as Figure 12 . The FFT of the currents is shown as Figure 13 . Figure 14 shows the torque under fault-tolerant condition. The corresponding average torque and torque ripple factor of the machine drive are 3.6 Nm and 44.8%, respectively. It is obvious that both the proposed method and the method in [27] can maintain the torque performance, whereas the method in [27] leads to higher order harmonics. In addition, for a sinusoidal back-EMF machine, the lower harmonic in currents offers some important advantages. For instance, based on the principle of instantaneous electrical input power and mechanical output balance condition, the reactive component in instantaneous power produced by pulsating torque can be reduced by eliminating higher harmonics in the currents. At the same time, it can reduce iron loss.
Its waveform plots are shown as Figure 12 . The FFT of the currents is shown as Figure 13 . Figure  14 shows the torque under fault-tolerant condition. The corresponding average torque and torque ripple factor of the machine drive are 3.6 Nm and 44.8%, respectively. It is obvious that both the proposed method and the method in [27] can maintain the torque performance, whereas the method in [27] leads to higher order harmonics. In addition, for a sinusoidal back-EMF machine, the lower harmonic in currents offers some important advantages. For instance, based on the principle of instantaneous electrical input power and mechanical output balance condition, the reactive component in instantaneous power produced by pulsating torque can be reduced by eliminating higher harmonics in the currents. At the same time, it can reduce iron loss. 
Conclusions
In this paper, a remedial current control strategy for a five-phase FT-PMV machine under shortcircuit fault conditions has been proposed, which is based on the cooper loss minimization theory. The remedial currents have been calculated to minimize output torque ripple and machine copper losses. A five-phase FT-PMV machine has been built to verify the proposed current control strategy. It exhibits good torque performance when operating under fault-tolerant conditions. The proposed control strategy has been validated by the simulation and experimental results. The simulation and the experiment show that the proposed control strategy can reduce copper losses, maintain torque performance and minimize torque ripple during a short-circuit fault. Hence, it has a bright future in high-reliability and high torque density applications. 
In this paper, a remedial current control strategy for a five-phase FT-PMV machine under short-circuit fault conditions has been proposed, which is based on the cooper loss minimization theory. The remedial currents have been calculated to minimize output torque ripple and machine copper losses. A five-phase FT-PMV machine has been built to verify the proposed current control strategy. It exhibits good torque performance when operating under fault-tolerant conditions. The proposed control strategy has been validated by the simulation and experimental results. The simulation and the experiment show that the proposed control strategy can reduce copper losses, maintain torque performance and minimize torque ripple during a short-circuit fault. Hence, it has a bright future in high-reliability and high torque density applications.
